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Abstract

Background:
The colon epithelium is physiologically exposed to osmotic stress, and the activation of cell volume regulation mechanisms is essential in colonocyte physiology. Moreover, colon is characterized by a high apoptotic rate of mature cells balancing the high division rate of stem cells. Aim: The aim of the present work was to investigate the main cell volume regulation mechanisms in rat colon surface colonocytes and their role in apoptosis. Methods: Cell volume changes were measured by light microscopy and video imaging on colon explants; apoptosis sign appearance was monitored by confocal microscopy on annexin V/propidium iodide labeled explants. Results: Superficial colonocytes showed a dynamic regulation of their cell volume during anisosmotic conditions with a Regulatory Volume Increase (RVI) response following hypertonic shrinkage and Regulatory Volume Decrease (RVD) response following hypotonic swelling. RVI was completely inhibited by bumetanide, while RVD was completely abolished by high K + or iberiotoxin treatment and by extracellular Ca 2+ removal. DIDS incubation was also able to affect the RVD response. When colon explants were exposed to H 2 O 2 as apoptotic inducer, colonocytes underwent an isotonic volume decrease ascribable to Apoptotic Volume Decrease (AVD) within about four hours of exposure. AVD was shown to precede annexin V positivity. It was also inhibited by high K + or iberiotoxin treatment. Interestingly, treatment with iberiotoxin significantly inhibited apoptosis progression. Conclusions: In rat superficial colonocytes K + efflux through high conductance Ca 2+ -activated K + channels (BK channels) was demonstrated to be the main mechanism of RVD and to plays also a crucial role in the AVD process and in the progression of apoptosis.
Introduction
The epithelium of the colon, as well as the epithelium of the entire gastrointestinal tract, is one of the most rapidly self-renewing tissues in the body, turning over 3-5 days. The high epithelial renewal is ensured by a coordinated series of proliferation, migration, differentiation and apoptosis processes. Stem cells residing within the base of the Lieberkühn crypts are responsible for continuously producing transit cells that undertake differentiation following a limited number of cellular divisions. The differentiated cells reach the surface of the colon, where they are then removed by apoptosis [1] . The high division rate of stem cells and the corresponding high apoptotic rate of mature cells ensure the high cellular turnover of the colon epithelium. Proliferative stem and precursor cells occupy the bottom two-thirds of crypts, whereas differentiated cells constitute the surface epithelium and top third of the crypts [1] .
Apoptosis is, therefore, a fundamental process for the tissue homeostasis in the colon epithelium and any alterations of the normal apoptotic process can lead to pathological conditions such as the survival of a malignant clone in the case of adenocarcinoma [2] or the increased loss of epithelium in the case of ulcerative colitis [3] . While much is known about the cellular proliferation in the colon epithelium, much less is known about the cell loss by apoptosis.
One of the main and distinctive characteristics of apoptosis is represented by cell shrinkage. The apoptotic cell shrinkage occurs in two distinct stages: the first phase starting before cell fragmentation or formation of the apoptotic body and the second phase associated with cell fragmentation [4] . The early-phase shrinkage is termed Apoptotic Volume Decrease (AVD) [5] and corresponds to an isotonic shrinkage of the cell. Apoptotic cell shrinkage results from a net loss of K + , Cl − and organic osmolytes from the cell [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . A throughout description of the volume and ion changes during the two stages of apoptotic shrinkage has been given in Ehrlich ascites tumour cells [15] . However, the causal relationship between ion loss, cell shrinkage and apoptosis is not completely understood. The shrinkage is seen early after apoptotic stimuli and seems to be a prerequisite for apoptosis [5, 7, 10, 15] . In different cell models AVD has been demonstrated to occur before the activation of caspases, the release of cytochrome c from mitochondria and DNA fragmentation. The initial ion loss is found to be secondary to changes in plasma membrane permeability to cations and anions [10, [16] [17] [18] . Recently, apoptotic cell shrinkage has been associated with alterations of cell volume regulation process [10] and changes in cell volume have been recognized as important signals in basic cellular physiological processes such as survival or death [19] [20] [21] .
The cell volume regulation mechanisms are highly conserved and principally similar in cells from various tissues as well as between evolutionary distant species [22] [23] [24] [25] [26] [27] . Following a hypotonic cell swelling, they consist in the release of osmolytes, mainly K + and Cl -, followed by loss of osmotically obliged water and are termed Regulatory Volume Decrease (RVD); following a hypertonic shrinkage they consist in the uptake of osmolytes followed by gain of osmotically obliged water and are termed Regulatory Volume Increase (RVI) [28, 27] . As regards the colon, its predominant physiological role is to regulate luminal fluid and electrolyte contents and in doing so it is physiologically exposed to osmotic stress. Increased osmolarity is generated during colonic water absorption and feces consolidation [29] . In fact, the most important contributing factor to hard feces formation is the osmotic pressure generated in the descending colon by a hypertonic absorbate in the intercryptal extracellular space and a hypotonic luminal content [30] . Also electrolyte and fluid secretion, which is essential for maintaining the overall fluidity of colonic luminal contents and also serves as a chief host defense mechanism [31] , challenges cell volume constancy and has been associated to cell shrinkage in colon crypts. In addition, digestive disorders such as carbohydrates malabsorption increase intracolonic osmolarity by accumulation of undigested compounds and fermented products [32] . Most of the information concerning cell volume regulation mechanisms in colonocytes arises from studies carried out on crypt cells. Guinea pig crypt colonocytes were demonstrated to undergo RVI following carbachol induced cell shrinkage , a K + channel blocker, and was dependent on the presence of external Ca 2+ [33] . Weyard et al. [35] studied the effects of hypertonicity in rat colonic crypt cells and detected a decrease in the open probability of a 16 pS K + channels. In humans Lomax et al. [36] found two different subset of channels in colon crypts: an intermediate conductance (23- The aim of the present work was to study cell volume regulation mechanisms in superficial colonocytes of rat distal colon and to address their role in AVD focusing the attention on RVD mechanisms. The study was carried out on colon explants, which represent a tissue experimental model with intact tight junctions [38] retaining the original architecture of the tissue.
Materials and Methods
Male Wistar rats (70-100 g) were obtained from Harlan (Carezzana, Italy) and housed individually in animal cages at a temperature of 22±1 °C with a 12:12 hour light-dark cycle and 30-40% humidity. The animals had ad libitum access to food and water. This study was carried out in strict accordance with the European Committee Council 106 Directive (86/609/EEC) and with the Italian animal welfare legislation (art 4 and 5 of D.L. 116/92).
All chemicals were reagent grade. Alexa Fluor® 488 annexin V and propidium iodide were purchased from Life Technologies -Molecular Probes. All the other chemicals were purchased from Sigma (St. Louis, U.S.A.). Stock solutions of iberiotoxin (100 μM in distilled water) and bumetanide (10 -2 M in DMSO) were prepared and kept at -20°C until use. Unless otherwise noted solutions were freshly prepared.
Rats were sacrificed by cardiac arrest through the use of diethyl ether and the distal colon was removed by aseptic technique. The isolated colon was washed with sterile Hepes-Tris buffer solution containing (in mM): NaCl 140, KCl 5, MgCl 2 1, CaCl 2 2, Hepes 10, glucose 10 adjusted to pH 7.4 with Tris or Hepes. Then, the colon was opened longitudinally with surgical scissors and cut into explants of about 0.6 cm 2 in size.
Culture conditions
Individual explants were washed with sterile Hepes-Tris buffer solution and placed in 60-mm plastic tissue-culture dishes with the epithelium facing the gas-medium interface. Four ml of culture medium was added to each dish. The medium was DMEM (Dulbecco's Modified Eagle Medium) supplemented with glucose (5 mg per ml), tricine buffer (pH 7.4; 10 mM), L-glutamine (2 mM), hydrocortisone hemisuccinate (0.5 µg per ml), β-retinyl acetate (0.1 µg per ml), 5% fetal bovine serum (FBS), penicillin G (100 U per ml), streptomycin (100 µg per ml), gentamicin (50 µg per ml), and amphotericin B (0.25 µg per ml). The explants were incubated in an atmosphere of 95% O 2 and 5% CO 2 at 37 °C. Cell viability was assessed by the Trypan blue exclusion test. The colon explants showed a viability of about 99 % maintained for up to 14 days in culture. For all the experiments described in this study the explants were utilized within 24 hours from the isolation.
Morphometric analysis of cell volume changes
Cell volume changes were monitored by morphometric analysis of superficial colonocytes in freshly tissue fragments of colon explants observed by light microscopy. Briefly, a small tissue fragment (about 0.06 cm 2 ) was dispensed on a poly-L-lysine coated slide. Then, a cover-slide was gently applied and the slide was immediately observed by an optic microscope (Eclipse E600, Nikon, Tokyo, Japan). The surface of the epithelium was focused. The images obtained from video camera (TK-C1381, JVC, Yokohama, Japan) were In the analysis of RVD and RVI responses, an isotonic Krebs solution (containing in mM: NaCl 124, KH 2 PO 4 1.25, MgCl 2 1.8, KCl 1.75, CaCl 2 1.6, NaHCO 3 26 and glucose 10) was used. Hypotonic stress was performed by decreasing Krebs osmolarity from 290 to 160 mOsm by decrease of the NaCl concentration, whereas hypertonic stress was performed by increasing Krebs osmolarity from 290 to 365 mOsm by addition of 200 mM sucrose. For both RVD and RVI experiments, adjacent fragments of the same explant were monitored in their cell volume changes before (control) and every 5 min for a total of about 35 min exposure to osmotic stress.
In 
Confocal microscopy detection of apoptosis
One of the earliest indications of apoptosis is the translocation of the membrane phospholipid phosphatidylserine (PS) from the inner to the outer leaflet of the plasma membrane [40] . Once exposed to the extracellular environment, binding sites on PS become available for Annexin V, a 36 kDa, blood clotting factor that exhibits a high calcium-dependent specificity for PS binding [41] . Surface colonocytes were double marked with Alexa Fluor® 488 annexin V and propidium iodide which binds to nucleic acids, but can only penetrate the plasma membrane when membrane integrity is breached, as occurs in dying cells. Therefore, the combined use of the two markers allows the detection of appearance and progression of apoptosis.
Small fragments of colon explant were incubated with annexin V conjugated and propidium iodide solution (Alexa Fluor® 488 annexin V diluted to 10% in Hepes-Tris buffer solution containing 0.15 mM propidium iodide) for 15 min in a humid chamber in the dark. After incubation, the tissue fragments was rapidly rinsed in Hepes-Tris buffer solution, mounted on a poly-L-lysine coated slide and finally viewed using a 100X NA plan apochromat objective mounted on a NIKON TE300 inverted microscope coupled to a NIKON C1 confocal laser scanning unit (Nikon, Tokyo, Japan). Alexa Fluor® 488 annexin V and propidium iodide were excited using the Argon 488-nm and Elio-Neon 543-nm laser lines, respectively. Photomultiplier (PMT) and laser intensity settings and emission wavelengths were optimized for minimal bleed through between the two channels. In the tissue live cells, apoptotic and dead cells were distinguished on the basis of annexin V and propidium iodide positivity by setting different fluorescence threshold values for different regions of interest (ROIs). Unlabeled preparations were found to exhibit no fluorescence under the conditions used.
Confocal immunofluorescence microscopy
In order to define the precise localization of BK channels in rat distal colonic epithelium, colon explants were fixed in paraformaldehyde diluted to 2% in Hepes-Tris solution from a stock solution of 20% paraformaldehyde in TBS containing (in mM): NaCl 150, Tris 10, MgCl 2 1, EGTA 1 adjusted to pH 7.4 with NaOH, as previously described [26] . Sections of 10 μm thickness were cut along planes perpendicular to the luminal epithelium surface through the use of a microtome (MICROM HM 500) and placed on poly-L-lysine coated glass slides. Sections were incubated with the monoclonal rabbit anti-BK Ca antibody (anti-KCNMA1) diluted 1:200 for 2 hours in a humid chamber, then washed three times with PBS (containing in mM: NaCl 137, KCl 2.7, Na 2 HPO 4 10, KH 2 PO 4 1.76 adjusted to pH 7.4 with NaOH or HCl) and finally incubated with the secondary antibody Alexa fluor 488 goat anti-rabbit IgG diluited 1:1000 for 30 min in a humid chamber in the dark. The slides were viewed using the 488 nm Argon laser line of a C1 NIKON confocal laser scanning unit coupled to a NIKON TE300 microscope with a 100X/1.30 oil objective (NIKON).
Statistics
Values are given as the mean ± S.E. of the mean. Statistical tests utilized to evaluate statistical significance of differences were one Way ANOVA and Dunnett post test, two ways ANOVA and Bonferroni 
Results
RVD and RVI in surface colonocytes
The appearance of the rat colon surface as observed by optical microscopy on freshly excised explants is reported in Fig. 1A . The crypt architecture is clearly visible with the colonocytes arranged around a central lumen. As reported in the Method section, cell size was quantified by measuring the area covered by single surface cells in 2-D digitised images. The morphometric analysis was performed on surface cells localized among the crypts. As reported in Fig. 2B the frequency distribution of cell size measured in superficial colonocytes showed a bimodal behavior, suggesting the presence of discrete populations on the basis of cell dimension: a most abundant population composed by smaller cells and a much less abundant one composed by larger cells. It is known the presence of different differentiate cell types in the colon surface [42] . Absorptive cells are the predominant epithelial cell type, followed by goblet cell, which are specialized for secretion of mucus. Occasionally, some enteroendocrine cells are present. Therefore, the first population is ascribable to enterocytes, while the second population is attributable to goblet cells, whose apical end is known to be occupied by a large mass of mucus. In the bimodal distribution the intersection of the two normal distributions (at about 20 µm 2 ) was used as the threshold for assigning cells to each population. All the present study focused on absorptive cells, therefore all data refers to cells whose area in 2D digitized image was below 20 µm 2 . First, we verify the presence of homeostatic mechanisms of cell volume regulation on colonic superficial enterocytes. To this end the epithelium was exposed to anisotonic conditions. 
When the explants were exposed to hypotonic stress, cell dimension initially increased for 5-10 min by about 30% with respect to the initial value, because of the osmotic influx of water. Thereafter, it was observed a decrease of cell volume towards the initial value (Fig. 2) , still persisting the stress. Instead, when the cells were exposed to hypertonic stress, they initially showed a cell volume decrease (by about 20% ), due to the osmotic efflux of water, followed by a recovery towards the initial value (Fig. 2 ). These findings demonstrate that rat superficial colonocytes show a dynamic regulation of their cell volume in anisosmotic conditions with a RVD response after hypotonic swelling and a RVI response after hypertonic shrinkage.
Ion transport mechanisms involved in RVD and RVI
With the aim of investigating the main ion transport mechanisms accounting for the RVI response in rat surface colonocytes, the explants were incubated with 10 -5 µM bumetanide (specific inhibitor of the Na
-cotransporter) before their exposure to hypertonic stress. As shown in Fig. 3 the RVI response following hypertonic cell shrinkage was completely inhibited. This result clearly demonstrates that in rat superficial colonocytes RVI is dependent on the Na
-cotransporter activity. In order to investigate the main ionic mechanisms underlying RVD in rat surface colonocytes, the involvement of K + efflux was addressed by monitoring cell volume changes when the K + gradient across the cell membrane was neutralized. As reported in Fig. 4 [43] . Lomax et al. [36] suggested their involvement in cell 
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry volume homeostasis in human colonic crypts. When colon explants were preincubated with 0.1 µM iberiotoxin (ibtx), a selective blocker of BK channels [44] , before their exposure to hypotonic stress (Fig. 4) , the initial swelling was not followed by the characteristic RVD response (Fig. 4 , ibtx trace) as in the control. This result demonstrates that the activation of BK channels plays a pivotal role in the volume recovery mechanism after hypotonic swelling in the rat surface colonocytes. The involvement of other types of Ca 2+ activated K + channels (intermediate conductance IK and small conductance SK) was ruled out by the use of 1 µM clotrimazole (inhibitor of IK channels) [45] , and 1 µM apamine (inhibitor of SK channels) [46] (Fig. 4, apamine trace) . In both these cases the initial swelling was followed by the RVD response as in the control.
As reported in Fig. 5 , depletion of extracellular Ca 2+ using Ca 2+ free Krebs solution supplemented with 2 mM EGTA completely abolished the RVD response to hypotonic stress indicating the Ca 2+ dependence of the BK activation in superficial colonocytes, Fig. 6 shows the confocal immunolocalization of BK channels on 10 µm transversal section of rat distal colon cut along planes perpendicular to the luminal epithelium surface. Interestingly the expression of these channels appeared higher in superficial epithelium with respect to crypts. In the superficial cells the BK channels appeared expressed on both apical and basolateral membrane.
Effective volume regulation requires a parallel efflux of anions besides the efflux of K + . Therefore, the involvement of volume activated anion channel was tested by using 0.5 mM DIDS as an inhibitor. As shown in Fig. 6 , the drug was able to completely inhibit the RVD response following hypotonic stress in rat superficial colonocytes.
Apoptotic Volume Decrease in rat distal colon explants
After having demonstrated the presence of cell volume regulation mechanisms in superficial colonocytes and clarified the main underlying ion transport mechanisms, we investigated their role in the cell volume changes that characterize the apoptotic process. In particular the attention was focused on BK channels, which were shown to play a pivotal role in RVD. H 2 O 2 was used as apoptotic inducer. It is known that H 2 O 2 is able to induce apoptosis via the mitochondrial pathway involving the release of cytochrome c from mitochondria and activation of caspases 9 and 3 [39] . In addition, hydrogen peroxide (H 2 O 2 ) as apoptotic inducer in colonic epithelial cells is very important for the pathogenesis of inflammatory bowel disease [47] . In fact, in chronic inflammatory conditions like inflammatory bowel disease production of H 2 O 2 by numerous stimulated phagocytes and from some bacteria species present in the gut is markedly increased [48, 49] . This condition has been related to increased intestinal cell apoptosis leading to disruption of epithelial integrity. The explants were exposed to increasing concentration of H 2 O 2 (100, 200 and 400 µM) for 24 h and observed by optical microscopy for change of cell dimension (Fig. 8) . The concentrations used and the prolonged exposure to H 2 O 2 for 24 hours adopted are consistent with the H 2 O 2 concentration that can be released by phagocytes and bacteria in chronic inflammatory conditions in the colon. In fact, as demonstrated in in vitro studies, macrophages and neutrophils are able to produce about 1 mM H 2 O 2 in two hours [50] and some species of bacteria belonging to Streptococcus, Enterococcus and Lactobacillus genera residing on the mucus membranes are also able to produce comparable amounts of H 2 O 2 in aerobic conditions [51] . The explant vitality (assessed by Trypan blue staining test) was about 99% for all the H 2 O 2 concentration tested. The morphometric analysis of the surface cells reported in Fig. 9 revealed an isotonic shrinkage, which increased with increasing H 2 O 2 concentration. 400 µM H 2 O 2 was the concentration most effective at inducing a cellular shrinkage in the majority of surface cells, as indicated by the box plot graph. In fact at 400 µM H 2 O 2 the lowest median value and the lowest interquartile distance were observed. In order to characterize the observed isotonic shrinkage, the explants were then monitored over time for size change by morphometric analysis. As reported in Fig. 9A explants exposed to H 2 O 2 showed a progressive isotonic cellular shrinkage, significantly detectable after 4 hours of exposure. In parallel the explants were monitored for possible appearance of apoptotic characteristic: they were double marked with Alexa Fluor® 488 annexin V and propidium iodide and observed by confocal microscopy (Fig. 9C) . As shown in Fig. 9B annexin V positivity, a characteristic apoptotic signal, was detectable following about 5 hours of treatment, then after to the isotonic shrinkage appearance.
This result clearly demonstrated that the observed isotonic cell volume decrease in superficial colonocytes can be ascribed to the Apoptotic Volume Decrease (AVD). It represents one of the first events of apoptosis and precedes the appearance of typical apoptotic characters such as phosphatidylserine translocation in the lipid bilayer, suggesting that AVD is one of the earliest events in the apoptotic program in rat surface colonocytes. The further decrease in the cell volume observed later could be ascribed to the cytoplasmic condensation due to blebbing of the plasma membrane and/or apoptotic body formation occurring later during the apoptosis.
BK channels in AVD response
It is known that cell volume changes during AVD are the consequence of an exit of Cl -and K + from the cells (for a review see [15, 16, 28] ). The involvement of K + efflux in superficial colonocytes was addressed by monitoring cell volume changes when the K + gradient across the cell membrane was neutralized. As reported in Fig. 10 (high potassium trace) , explants incubated in high- [K + ] physiological solution failed to show the characteristic isotonic shrinkage appearing in control explants. This result clearly demonstrated that K + efflux, as well as in RVD response, represents one of the main mechanisms underlying AVD in rat distal 
colon surface enterocytes. In order to identify the specific potassium channels responsible for the K + efflux, the role of BK channels was addressed. Colon explants were preincubated with 0.1 µM iberiotoxin and surface cells were monitored for their volume changes in control and after treatment with iberiotoxin. As reported in Fig. 10 (ibtx trace), iberiotoxin was able to completely abolish the characteristic isotonic shrinkage appearing later. This result clearly demonstrates the key role of BK channels in AVD.
BK channels in the progression of apoptosis
After having demonstrated that the BK channels blockade inhibits the AVD process, the possible relationship between K + efflux through BK channels and the progression of apoptosis was addressed by confocal microscopy on annexin V and propidium iodide double marked colon explants. Adjacent explants of the same distal colon were exposed to four different experimental conditions: 1) incubation with the culture medium DMEM for 24h (control); 2) exposure to 400 µM H 2 O 2 for 24h; 3) incubation with 0.1 µM iberiotoxin; 4) preincubation with 0.1 µM iberiotoxin and exposure to 400 µM H 2 O 2 for 24h. 50 fields were observed at 100 X per condition and the number of annexin V positive cells per field is reported. A time-dependent increase in the number of annexin V positive cells was observed in the explants exposed to H 2 O 2 ( Fig. 11 A,B) reaching the maximum value after 24h. This increase disappeared in the explants preincubated with 0.1 µM iberiotoxin exposure and then exposed to H 2 O 2 . These data demonstrated that the inhibition of K + efflux through BK channels was able to inhibit the onset of apoptosis, whose an early signal is the phosphatidylserin translocation.
Discussion
Cell volume regulation is pivotal for epithelial cells which can experience osmotic stress and corresponding cell volume changes in several aspects of their functioning. Changes of extracellular osmolarity or variations of intracellular osmolarity, due to the entry or extrusion of osmotically active substances across the plasma membrane, represent continuous challenge to cell volume constancy (see [28] for a review). Recently, it has been recognised that alterations of cell volume participate in the machinery regulating cell proliferation and apoptotic cell death [52] . As suggested by Bortner and Cidlowski [53] , it has become clear In the present work the relationship between cell volume regulation and apoptosis was investigated in rat colon surface epithelium. Colon epithelium is physiologically challenged by osmotic stress during absorption or secretion of electrolytes and fluids. Moreover, it is characterized by a high cellular turnover ensured by a high division rate of stem cells localized in the crypts and a corresponding high apoptotic rate of mature cells at the luminal surface [1] . In the present work cell volume regulation mechanisms were characterized in superficial colonocytes of rat colon explants, and their involvement was addressed in the early phase of apoptosis. To our knowledge this is one of the few studies on cell volume regulation and its implication in apoptosis carried out in native epithelia, focusing on superficial colonocytes which are the cell type manly involved in the apoptotic process in the tissue homeostasis of the colon. Surface colonocytes showed a dynamic regulation of their cell volume when exposed to osmotic stress. These cells are able to actively operate a RVI response after hypertonic shrinkage and a RVD response after a hypotonic swelling. RVI was dependent on Na
cotransporter, as demonstrated by the completed inhibition of cell volume recovery after hypertonic shrinkage by bumetanide, specific inhibitor of the Na
-. This result is in agreement with previous findings obtained on crypt guinea pig colonocytes where a Na
-dependent RVI response was observed following carbachol induced cell shrinkage [31] Therefore, the activation of Na
-cotransport during RVI seems to be common to both crypts and surface epithelium in the colon.
On the other hand in rat superficial colonocytes RVD was dependent on the K + efflux through BK channels, as indicated by the completed inhibition of cell volume recovery following hypotonic swelling by high K + exposure or iberiotoxin treatment. The involvement of other types of Ca 2+ activated K + channels in RVD was ruled out by the use of clotrimazole and apamine, which were ineffective on the RVD response. BK channels appeared expressed on both membranes by confocal immunofluorescence microscopy, as already found in rabbit colonic surface epithelium [54] , eel intestine [26] , and guinea pig distal colon [55] . Interestingly, they showed a major expression in superficial epithelium with respect to crypts, as previously observed in human colon [56] . This specific localization of BK channels on rat colon surface epithelium suggests that the activation of these channels could represent a specific volume regulation mechanism of differentiated colonocytes.
Previous works demonstrated intermediated conductance Ca 2+ activated K + channels to be responsible for RVD in rat and human colon crypts respectively [37, 57] . Therefore, comparing the present data on superficial colonocytes with previous results on crypts it is possible to hypotize the contribution of different K + channels to cell volume regulation in the rat colon with a major contribution of BK in superficial epithelium and a major contribution of IK in crypts. In rat colon superficial cells RVD was dependent on the presence of external Ca
2+
. It is known that in some cell types BK are directly stretch activated but in the majority of cells the activation has been found to be secondary to an increase in [Ca 2+ ] i . [58] , Therefore, it is reasonable to assume that in superficial colonocytes a swelling activated influx of Ca 2+ increases cytosolic Ca 2+ , thereby activating BK channels on plasma membrane. Effective volume regulation requires a parallel efflux of anions across the plasma membrane besides the efflux of K + [27] . An osmotically induced Cl -conductance in a colonic epithelium has been already described for T84 cells using patch-clamp whole-cell recording [59] and in isolated crypts from the rat colon [57] . In superficial colonocyte RVD response was completely inhibited by the Cl -channel blocker DIDS, suggesting that the hypotonicity induced BK channel activation is paralleled by a Cl -channel activation in superficial colonocytes.
In the present work the characterization of cell volume regulation mechanisms in surface colonocytes and the finding of the pivotal role of BK channels were followed by the study of the involvement of these channels in apoptosis.
When rat colon explants were exposed to oxidative stress induced by treatment with H 2 O 2 , colonocytes underwent apoptosis within few hours from the application of the stress, as indicated by the increase in the binding to annexin V. A significant increase in the annexin In parallel the cells were monitored for possible changes in their cell size. Superficial colonoyets showed a multistep decrease of their volume during 24 h of observation. After 4 hours from the application of the oxidative stress the cells showed a first decrease of cell volume, which can be ascribed to AVD, one of the earliest events in the apoptotic program. In rat colon surface cells, as previously observed in eel intestine [14] , AVD was shown to precede a key hallmark of apoptosis (occurring after 5 hours of exposure to the oxidative stress) such as externalization of membrane phosphatidylserine. Thereafter, the cells showed a further cell volume reduction that can be attributed to the cytoplasmic condensation due to blebbing of the plasma membrane and apoptotic body formation occurring later during the apoptotic process. During apoptosis the cell shrinkage occurs in the absence of extracellular osmotic challenge, suggesting that AVD is activated independently of changes in the extracellular osmotic environment. Although AVD occurs under isotonic conditions, several authors have suggested that the loss of cell volume during apoptosis may share some of the ionic mechanisms that participate in basal volume homeostasis, thus linking AVD to RVD [5, 14] . Several authors have suggested that as in RVD, AVD arises from an exit of Cl -and K + from the cells (for a review see [15, 16, 28] ). The importance of cation channels has been widely demonstrated [60] and various K + channels appear to be involved in AVD, depending on the cell type or stimulus used [53] .
Particularly, with respect to the molecular identity of the K + channel involved in both AVD and RVD, it is still uncertain if the K + currents in AVD and RVD are driven by the same type of channels. For example, Elliott and Higgins [13] suggested that in T lymphocytes the same IK Ca channel is involved in both RVD and AVD. Lionetto et al. [14] demonstrated in eel enterocytes that BK channels, which are involved in RVD in these cells, plays also a crucial role in the AVD process.
When rat colon explants were incubated with high K + saline solution, AVD was completely prevented. The same result was obtained with iberiotoxin incubation, strongly suggesting that K + efflux through BK channels, which are fundamental for RVD in superficial colonocytes, plays also a key role in the AVD process. Therefore, the same type of K + channels responsible for cell volume regulation is also used by the cells for the AVD process. Interestingly, the progression of apoptosis appeared inhibited after treatment with iberiotoxin, as indicated by ibtx inhibition of the annexin V positive cells appearance during the treatment of the tissue with H 2 O 2 . These results suggest that the activation of BK channels is a fundamental step in the apoptosis process in rat superficial colonocytes.
Although the signal transduction mechanisms underlying AVD activation in rat colonocytes need to be explored, it is possible to hypotize that signalling pathways responsible for AVD and RVD could share common downstream signals in BK channel activation. In turn, BK channel activation could represent a key event in the complex mechanisms of cell volume regulation and cell death in rat mature colonocytes.
In conclusion the present study demonstrated the direct involvement of cell volume regulation mechanisms in the induction of the AVD in rat colon superficial cells, pointing out that BK channel activation could represent a key event in the complex mechanisms of cell volume regulation and cell survival in these cells. This is of particular relevance for a tissue like the colon where cell volume regulation and apoptosis represent fundamental process of the cellular physiology. Due to the importance of apoptosis in the physiology and pathology of the colon, understanding of the early mechanisms of apoptosis can provide advanced clinical implications in cell therapy research.
